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FOREWORD 


This final report Is submitted by the AIResearch Manufacturing Company, 
a division of The Garrett Corporation. In fulf 1 1 Iment of Phase 11 of Contract 
No. NAS7-1 00/955 with the Jet Propulsion Laboratory, California Institute of 
Technology. The report discusses the design and development of an open cycle 
Air Brayton Solar Receiver (ABSR). 
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ABSTRACT 


The purpose of the Phase II project was to design and develop an Air 
Bray ton Solar Receiver (ABSR) based on the Solar Receiver concept reconimended 
In Phase I of the program. The ABSR consists of a cylindrical, Insulated, off- 
set plate fin heat exchanger which Is mounted at the focal plane of a fully track- 
ing parabolic solar collector. The receiver transfers heat from the concentra- 
ted solar radiation (which Impinges on the Inside walls of the heat exchanger) 
to the working fluid I.e., air. The hot air would then bo used to drive a small 
Brayton cycle heat engine. The engine In turn drives a generator which produces 
electrical energy. 

The cavity size of the receiver Is 28-In. long by 20-In. In diameter. 

The ABSR core Is constructed of two metallic parallel plate-fin flow passages. 

The plate and fin material Is Inconel 625. The core Is Insulated with a 4.5-ln. 
layer of Cerawool blanket wrapped around the outer wall. The aperture end and 
the reflector back plate at the closed end section are made of silicon carbide. 

The ABSR accepts 85 kwth and has a design life of 10,000 hours and 1500 cycles, 
under operating conditions of 1500*F, 36.75 psia and airflow of 0.57 pounds per 
second. 

The analysis of the ABSR Includes symmetrical and asymmetrical solar power 
Input Into the receiver. The symmetrical cases Involve the baseline Incident 
flux and the axially shifted Incident fluxes. The asymmetrical cases correspond 
to the solar fluxes that are obtained by reduced solar Input from one half of 
the concentrator or by receiver offset of +1 Inch from the concentrator optical 
axis. 
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INTRODUCTION 


This report documents the work completed during Phase II of the Air Brayton 
Solar Receiver (ABSR) development program. The work was performed by AIResearch 
for the Jet Propulsion Laboratory, under contract no, NAS7- 100/955 136. Phase I 
of the ABSR program arrived at the basic design of the receiver for use In a 
point-focus, 85 KWth Brayton power system. Figure 1-1 shows the parabolic con- 
centrator that serves as the solar energy focusing device. The concentrator 
characteristics are summarized on Table 1-1. Figure 1-2 represents the Air 
Brayton System schematic. The receiver transfers heat from the concentrated 
solar radiation Incident (on the heat exchanger walls of the Interior cavity) 
to the working fluid l.e., air. Phase I consisted of a parametric study that 
analyzed a wide range of receiver designs under varying conditions and then 
recommended a final design for Phase II detail study. The model presented from 
Phase I consisted of an offset plate fin matrix In a cyl Indr leal ly shaped cavity 
heat exchanger section, fabricated from Haynes 188 steel. A flat ceramic plate, 
made from silicon carbide, was In the closed end of the receiver. The aperture 
end of the receiver was a conically shaped skirt, also made from silicon car- 
bide. A mild steel housing with an aperture opening on one end enclosed the 
heat exchanger. Eight support spokes connect the heat exchanger to the receiver 
housing. Cerablanket Insulation fills the annulus between the heat exchanger 
and the housing. Phase I also studied thermal storage devices and made a pre- 
liminary recommendation of the use of sodium chloride (NaCI) as a storage med- 
ium. It advised further study of other possible materials too. The results of 
Phase I are presented in AIResearch report no. 79-15677. 

Phase It of the ABSR program completed design work on the receiver chosen 
In Phase I. Thermal analysis performed during Phase II concentrated on: (a) 
optical modeling of the concentrator-receiver system; (b) verification of the 
receiver performance after final design Iterations; and (c) evaluation of the 
final design performance under off-design point conditions. Stress analysis 
concentrated on determining the design loads on the receiver and the expected 
operational life. Design Iterations concluded with an Inconnel brazed, annular 
heat transfer matrix replacing the Haynes 188 Phase I design. Two prototype 
units were then fabricated, and they underwent acceptance tests. The thermal 
f>nergy storage device was excluded from further study. The r<)malnder of this 
report documents the work performed by AIResearch during Phase II of the ABSR 
program. 

1.1 SUMMARY 

At the Initiation of Phase II, AIResearch received a problem statement 
specifying the final design conditions that the ABSR should meet. See Table 
1-2. That problem statement was similar to the final Phase 1 work statement. 
The receiver concept also remained similar, but Incorporated Some new features: 
The mounting system for the heat exchanger changed to a non-fixed 8 point 
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Figure 1-1. Parabolic Solar Concentrator 
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Figure 1-2. Air Bray to v System Schematics 
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TABU I-t 

SOUR CONCENTRATOR CHARACTERISTICS 


Typos Two axis, Tracking, facoTod parabolic dish 

Sizes ll-moTor aperTuro 

Ref locTIvlTys 0.06 To 0.94 (maximum) 

Peak Thermal energy aT focus s 85 kwT 

Tracking errors 0.1 dog 

Tracking sysTem: evaluaTlon/azImuTh 

Slew raTess olevaTlon 400 deg/hr approx I maTe 
azImuTh 150 deg/hr approxImaTo 

Focal lengThs 0.6 dlameTer 

Slope error; 1 To 2 mllllradlans (0.1 deg nominal) 


support sysTem. The aperTuro assembly was swITched from a one piece ceramic 
compononT To a ceramic ouTer skIrT and a RA-350 Inner skIrT. MaTerlal chosen 
for The heaT exchanger was changed To Inconel 625 from Haynes 188. The dlam- 
eTer was sllghTly reduced and The lengTh Increased In The heaT exchanger core. 

This ABSR design underwent exTonsIve Thermal analysis. The receiver was 
designed To accept 85 KWth To The working f'uld with a receiver Thermal effi- 
ciency of 90 , 1 %, The predicted pressure drop was 2 , 3 %, Table 1.3 summarizes 
Tl.a predicted ABSR Thermal performance. Considerable work was done To establish 
That The ABSR could accept various flux Irregularities duo To unknown concen- 
trator characteristics. Optical Inputs resulting from mirror or mounting 
Irregularities were Investigated. 

A stress analysis of The ABSR looked at The pressure, Thermal, and Inertial 
loads on The receiver, adjusted The design where necessary, and predicted a 
prototype life for The receiver of Two years of continuous operation, (10,000 
hours and 1500 cycles). Cycle fatigue was determined To be more restrictive 
to the ABSR life than creep strength limitations. 

Two ABSR’s were fabricated by AIResoarch. The plate fin core was brazed 
In two stages. The manifolds and ducts werf welded to the brazed core to make 
the heat exchanger assembly. The aperture assembly and reflector plate assem- 
bly were fabricated separately. These throe assemblies were Installed In the 
receiver housing. 
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TABLE t-2 

AIR BRAYTON SOLAR RECEIVER 


ABSR PROBLEM STATEMENT REVIEW 


DESIGN POINT CONDITIONS AND 
PERFORMANCE GOALS 


THERMAL INPUT 

FLUX DISTRIBUTION 

AIR INLET-. 

AIR OUTLET... 

AIRFLOW^,™ 

INLET PRESSURE.... 


85 KW PEAK 

FROM 1-2 MRAD MIRROR 

.1049°F 

ISOO^F 

0.57 LB/SEC (86% EFFICIENCY) 
36.75 PSIA 


PRESSURE DROP GOAL.. 2% 
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TABLE 1-3 

ABSR THERMAL PERFORMANCE SUMMARY 


Q OFF CONCENTRATOR 86.0 KW 

ASSUMED APERTURE LOSSES (SPILLAGE AND CONVECTION^.. 3.0 

INSULATION LOSSES 1.1 

APERTURE RADIATION LCSS (10-INCH APERTURE). 3.8 

QTO FLUID 77.1 

TOTAL 85.0 

1 

Q TO FLUID FROM COMPUTER MODEL 77.1 

PROBLEM STATEMENT GOAL 73.1 

MARGIN 4.0 

CORE FRICTION PRESSURE DROP 2.1% 

ESTIMATED TOTAL PRESSURE DROP 2.5% 


M2S1 
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The hoat exchangers of the two solar receivers fabricated by AlResearch 
underwent acceptance tests# They consisted of leakage, proof pressure and pres- 
sure drop tests. The first unit tested had a leakage rate at the design condi- 
tion of The unit underwent a proof pressure of 50 psig with no visible 

permanent deformation. The pressure drop test Indicated a 2.9 psi pressure drop 
at room temperature at 0.57 Ibm/sec, the design point flowrate. The second A0SR 
fabricated, Incorporating new manufacturing procedures, had a leakage rate of 
at the design point condition. It also passed the 50 psIg proof pressure 
tost. The pressure drop was measured at 3.5 psl for room temperature conditions 
and 0.57 Ibm/sec flowrate. 
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2. AIR BRAYTON SOLAR RECEIVER (ABSR) DESCRIPTION 


I 


The cutaway drawing of the ABSR is shown In Figure 2-1. »The main components 
of the 85 KWth ABSR are a cylindrical core assembly, an adjustable aperture 
assembly, and a rear plate assembly. 

The cylindrical core mart lx consists of 16 identical panels. Fach panel 
is constructed of two metallic parallel plate-fin flow passages. The panels 
are distributed among three 120* panel segments. These segments were brazed 
Individually and then brazed together to form the core. The panels have trans- 
verse openings on the outer wall near the ends. This is to allow the working 
fluid to flow from the Inlet to the outlet ducts. 

A high performance offset fin matrix was used In the construction of the 
panels. The schematic of the fin type used Is shown In Figure 2-2. The fins 
and the plates used were made of Inconel 625. 

The aperture assembly consists of a Silicon Carbide (SIC) ceramic plate, 
0.28- In. thick, an RA-330 stainless steel aperture support skirt, an Inconel 
625 (jperture mount plate, and a Corrosion Resistant Steel (CRES) type 347 aper- 
ture support ring assembly. The assembly has the option of Incorporating two 
different ceramic aperture plates. One has an 8=1 n. diameter opening, and the 
other a 10-In. diameter opening. When changing the size of the aperture plate, 
the RA-330 support changes accordingly. All the other parts In the assembly 
remain the same however, since they are Independent of the choice of aperture 
plates. The aperture platb also serves to reflect the re-rad I ated energy back 
into the receiver cavity. 

The rear plate originally was fabricated from 0.28-In. thick, SIC plate. 

The rear plate assembly consists of an Inconel 625 support structure, and a mi Id 
steel rear outer shell. The shell has two ports In It, which allow the Inlet 
and outlet ducts to pass through to the outside. 

There is also an Inconel 625 toroidal manifold In both the inlet and outlet 
sections of the cylindrical core. 

The cylindrical core Is Insulated with 4.5-In. of Cerablanket Insulation 
wrapped around the core outside wall, surrounded by a 0. 118-In. thick, carbon 
steel case. 

The design weight of the ABSR was determined to 480 lbs. 

A summary of the geometrical characteristics for the ABSR are presented 
in Table 2-1 . 

Detailed design drawings of the entire unit are provided In Appendix A at 
The end of this reports. 
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Figure 2-2. Rectangular Offset Plate Fin 
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TABU 2-1 


85-KWt ABSR GEOMETRICAL CHARACTERISTICS 


Geometrical Characteristics 

Phase 1 

1 

Cavity dimensions, Internal, ft (In) 



Overall height 

2.75 

(33.0) 

Length of cylindrical section 

2.53 

(28.0) 

Diameter of cylindrical cavity section 

1.665 

(20.0) 

Diameter of aperture opening 

0.666 

(8.0) 

0.833 

(10.0) 

Other dimensions 



Insulation thickness on cylindrical 

4.5 


wall, In. 



Overall outside dlamter, ft (In) 

2.5 

(30.0) 
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3. ABSR ANALYSIS 


I 


e 

c 


Analysis of tho Air Brayton Solar Receiver (ABSR) Included both thermal 
analysis of the ABSR, In order to ensure the adequacy of Its thermal perform- 
ance characteristics, and structural analysis. In order to ensure that tho 
desired llfetl/iie of the receiver Is reached. 

3.1 THERMAL ANALYSIS 

Thermal analysis performed by A I Research during Phase II of tho ABSR 
program consisted of throe major efforts. Optical models of the concentrator- 
receiver system Were created to determine the thermal Inputs to the receiver 
for concentrators with different characteristics. The calculated receiver 
performance was confirmed after final design Iterations. The ABSR performance 
was evaluated under various off-desIgn conditions. 

Tho calculated thermal and pressure-drop performance of the receiver under 
design conditions Is summarized In Table 1-3. The thermal margin allows for 
miscellaneous heat loss paths not accounted for In the computer program. The 
slightly higher than goal pressure drop results from the trade-off between the 
low pressure drop desired for overall system efficiency and the low-cavity 
temperatures and tei\^porature gradients dictated by receiver operating life 
requirements. 

3.1.1 Optical Modeling 

The total design power directed toward the receiver by the concentrator 
was defined as 85 KWth. An estimated distribution of the normal heat flux on 
planes parallel to the focal plane was provided by JPL from two different con- 
centrators. The concentrators had slope errors of 1 and 2-ml 1 1 Iradlans (mrad). 

An additional vertical distribution was provided for the 2-mrad concentrator. 

In order to accurately evaluate the performance of a receiver design of 
Phase II, not only the total Incident flux must be known, but also Its distri- 
bution over the Interior surfaces of the cavity. This flux distribution depends 
on a number of factors. Including: (a) the characterization of the optical 
source; (b) tho overall geometry of the concentrator (surface shape and speed 
I.e., the smaller the angular size of the source, the slower the optical system). 
AlResearch had the availability of a mathematical solar simulator program 
developed by Dr. George Schrenk and supplied through Scientific Time Sharing 
Corporation (STSC). This program properly treats tho sun as a source of finite 
angular dimensions and uses an efficient cone-optics method of evaluating the 
Incident concentrated flux, rather than using a ray-trace technique (which is 
used In analyzing Image producing optical systems). The effects of radiation 
due to atmospheric scattering and of concentrator slope errors are taken Into 
account by specifying an effective sum half-angle (aeff) larger than the actual 
half-angle (a). 
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A simple but ©ttectlvo model wes used to determine the receiver heat Inputs 
for the parametric study of Phase I of the program. The results from this 
model were seen to be essentially Indistinguishable from those obtained via 
the STSC program. 

Figure 3-1 Illustrates the optical differences between a very distent 
point source (resulting In parallel Incident rays) and a source of finite 
angular dimensions. The paraboloidal concentrator shown has an f/D ratio 
of O.b. On the right hand side of the figure, the paths of the Incident and 
reflected rays from a finite source are shown being reflected from select\»d 
points on the reflecting surface. Similarly, the left hand side shows the 
results for flux Incident from a distant point source. The drawing Is to 
scale and the paths of the reflected rays were determined by an exact ray 
trace program. Two observations can be made! 

(1) For a distant point source on the optical axis, a paraboloid of 
revolution focuses all the Incident rays through the prime focus. 

Thus, the aperture flux distribution Is a poor approximation to 
the actual flux distribution from an extended source. 

(2) For regions away from the focal plane, the character of the flux 
field produced by the distant point source Is not substantially 
different from that for an extended source. 

Py adopting the distant point source approximation (simple model), the 
flux In.the cavity can now be represented by a simple vector field. The flux 
vector F, Is fully described once Its magnitude F and polar angle 8 are speci- 
fied (there being azimuthal symmetry). At a location (r, Z) In the cavity, 

F and 8 are given by 


F(r, z) = 


where 


PSRH cos larctan (R/2f)l 

cos larctan (r/z) - arctan (R/2f)I r + z 


(3-1) 


H » >/r 2 -f (f - R2/4f)2 


(3-2) 


R « (2f/(r/z)l [V\ t 
= 0, r/z « 0, 




r/z > 0 , 


(3-3) 

(3-4) 


8 (r/z) * arctan (r/z). 


(3-5) 


The geometric quantities r, z, R, H, and f are defined In Figure 3-2. The 
physical quantities p and S are the concentrator reflectivity and the direct 
normal incident solar radiation, respectively. F will have the same units as 
S (e.g., kW/m^) if all the geometric quantities use the same linear unit (e.g., 
meters). 
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Figure 3-2. Optical Flux Parameters 
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The effoct of tho concontretor diemotor, D, Is appMod through the addi- 
tional constraint 

F » 0 If e 

where 


^max * a^ctan 

f-s 


and 


s * A^(D/2i 
4f 

Also, shadowing by the receiver Itself results In the constraint 
F * 0 if 6 < Gmin 

where 

D n 

6mln ~ arctan _B- 


f - d 


(3-7) 


(3-e) 


(3-9) 

(3-10) 


1 

and d » 4f (Dr/2) 2 (3-11) 

Finally, the Incident energy per unit area of cavity wall, q, is 

q (r,z) = ? (r,z) • n (r,z) (3-12) 

where n Is the outward directed unit vector normal to the cavity wall at the 
point of Interest. 

A comparison of q determined by both the STSC program and this simple 
approximation Is shown In the upper portion of Figure 3-3. The results shown 
are for the typical cavity shown In the Insert at the lower portion of the fig- 
ure. The simple model's sharp cutoff occurs at G - Gfj,Q^. The fact that the peak 
value of the simple model curve Is quite a bit higher then the STSC curve Is 
really of little concern. Vi'hat Is of Importance here Is not the Instantaneous 
value of q (z,r), but the Integra? of this quantity over the finite area of a 
wall element (the cavity is divided Into six finite elements). The lower por- 
tion of Figure 3-3 shows two superimposed histograms giving the total energy 
incident upon each element using both the STSC program (solid line) and the 
distant point source model (dashed line). The difference between the two Is 
seen to be rather small, with a maximum difference of 12.C percent. Because 
of radiation effects, the abosrbed power curve is more smeared out than the 
Incident power curve. This serves to further reduce the Importance of choos- 
ing the more exact flux model. The final and most important result Is that 
the wall temperature distribution and peak temperature value Is not signifi- 
cantly Influenced by using the simpler flux model. 
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Figure 3-3. Comparison of Parallel Ray and Con»& Optics Models 
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The effect of the concentrator Imperfections Is to apply a smoothing 
function to the distribution that would otherwise result from reflection from 
a perfect mirror. Thus, the simple model histograph can be Improved by apply- 
ing a smoothing technique which employs two empirically determined parameters, 

N and S|. N Is the number of times the smoothing Is applied to the histogram, 
while Sj measures the amount of smoothing per pass. The optical Input for the 
thermal analysis of the receiver under development was obtained using a distant 
point source model and the smoothing function. 

Figure 3-4 compares the vertical flux distribution given In Exhibit II of 
the JPL work statement with a histogram obtained In the described manner. The 
excellent agreement far from the aperture Is os expected; near the aperture, 
the Exhibit II curve seems to be deficient In Integrated power. 

Knowledge of the flux distribution across the focal plane Is necessary In 
order to establish the receiver aperture size. Figure 3-5 Is a collection of 
aperture flux plots presented as concentration ratio vs the radius R|. The plots 
on the right side of the figure are a continuation of the plots on the left side 
on a greatly expanded scale. The rectangular “simple optics** plot Ignores all 
optical aberrations that accompany non-paraxial rays and fast optical systems. 

It does, however, provide a convenient datum against which all others can be 
compared. The “Schrenk** plot was generated by the STSC program. The 1.7 factor 
was chosen to give reasonable agreement with the **t«75 mrad** curve, which was 
supplied by JPL for the Phase I proposal effort. The curves labeled **1 mrad** 
and **2 mrad'* are from the Exhibit II supplied In Phase II; Interpolation between 
these two gives the **1.75 Interpolated** curve for the specified nominal value 
of 1 *75 mrad. 

The now curves clearly are In disagreement with the older 1.75 mrad curve and, 
especially for the 1 mrad case, exhibit unusual behavior for small Rj, Based on 
these considerations, a conservative value of R| « 5-In. was chosen for the 
baseline aperture size for the analysis, but the actual receiver was provided 
with aperture size adjusting features. 

3.1.2 Final Design 

The ABSR was designed with several objectives In mind. The maximum cavity 
efficiency was desired. The metal temperttures had to be kept under certain 
limits for acceptable receiver life. The pressure drop was Intended to be 
below a certain value so that system performafi^^^s would not be significantly 
affected. The weight of the unit was kept to a minimum to keep the receiver 
support system simple. The basic parametric analysis of the receiver Involving 
these variables was performed during Phase I. 

Phase II Interface specifications required changes In the dimensions of 
the recommended Phase I receiver. The parametric study guided the alterations. 
Once the final design was determined, conduction, radiation, and convection 
losses were calculated for the receiver to assure adequate performance. 

The changes required by the new Interface restrictions forced the reduc- 
tion of the heat exchanger diameter from 24-ln. to 20-ln. The parametric curves 
from Phase I used In the adjustment are shown In Figure 3-6. The maximum wall 
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Figure 3-4. Comparison of AlResearch and dPL Flux Plots 
for a 12- In. Radius Cylinder 
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teffiporaturo plot showed no significant advantage for cylinder lengths groator 
than 30"ln. Cavity efficiency levels out beyond a 24-In. long cylinder, while 
the receiver weight Increases linearly with cavity length. Pressure drop also 
Increases with Increasing cavity length. A cavity length of 28- In. was decided 
upon as the best compliment to the cav^ity diameter of 20- In. Figure 3-7 shows 
the basic dimensions of the final ABS!!* Heat losses from the receiver wore 
based on this final size. 

Conduction# convection# and radiation losses were calculated. Conduction 
losses outward through the Insulation wore calculated to total approximately 
1.1 kw. Convection losses from the cavity walls to the ambient air wore esti- 
mated at 3.0 kw. Radiation losses from the cavity through a 10 Inch dlamotor 
aperture were appr->xlmatod ut 3.8 kw. Those numbers were based on a 85 kw 
Input from the concentrator and resulted In an estimated 90. of the concen- 
trator heat Input being transferred to the working fluid. 

Incident solar flux on the Inner surfaces of the receiver was computed. 

The underlying assumption Is that parallel rays emanating from the sun (point 
source) are being reflected from a perfect parabolic concentrator. The result- 
ing flux profile was smoothed out (Section 3.1.1 Optical Modeling) and repre- 
sented In a histogram Input to the computer program. This allowed computation 
of the radiation interchange, fluid heat transfer# and pressure drop. 

The Solar Receiver thermal Performance program (RECMOL) Is used to analyze 
the thermal performance of plate-fin or tubular solar receivers. RECMOL uses a 
finite-element model. The output provides a complete nodal temperature mop# 
absorbed hoot Inputs# heat losses# and fluid conditions. The flow chart for 
the program Is presented In Figure 3-8. 

The model generation portion of the program consists of throe subroutines 
which consider the aperture end# cylindrical heat transfer section# and the 
closed end. The end sections con be either hemispherical or flat# and the 
cylindrical section may have either plate-fins or tubes as the heat transfer 
surface. The primary output Information from the modeling routines consists 
of the thermal resistances associated with the finite elements and the material 
weights. 

From the input Information and the model generation calculations# the 
Geometrical Radiation View Factor routine calculates the view factors for the 
Inner cavity from a set of exact closed form equations. The basis for the view 
factor analyses comes from the closed form equation for parallel concentric 
disks and view factor algebra. The results are exact for smooth wall cavities 
(os In the plate-fin cose). However# the results are only approximate for 
rough surfaces (tubular concept). 

The program performs transient and steady-state calculations. The steady- 
state thermal analysis routine utilizes a Newton-Raphson Iteration technique to 
converge on a specified temperature and heat balance condition. 
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Figure 3-7. ABSR Basic Dimensions 
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Reflected and emitted energy within the cavity was Included In the analysis 
by the following equation 

B » A”^ C * reflected energy + emitted energy 

where B Is the radlosity column matrix, A Is an NxN characteristic matrix, and 
C Is a temperature dependent column matrix. This equation assumes a gray body 
a^nd diffuse emittance and reflections. 

During Phase II, RECMDL was primarily used to determine the sensitivity of 
the receiver to various off-desIgn heat flux inputs from the concentrator. 

The manifold flow characteristics of the unit were also analyzed to ensure 
uniform flow. Uniform flow distribution Is essential in high-flux solar receivers 
in order to minimize the possibility of localized hot spots and possible burnouts. 
Also, to maintain a high cavity efficiency, flow maldistribution must be mini- 
mized. The inlet and outlet manifolds are toroidal in shape. A flow maldistri- 
bution of about 3 percent was calculated, which Is negligibly small In terms of 
performance degradation. 

3.1.3 Heat Flux Sensitivity Analysis 

The ABSR was analyzed under various heat flux Inputs to determine its 
sensitivity to off-deslgn conditions. This analysis examined the effect of 
both symmetric (flux profiles which vary in the axial direction only) and 
assymetric incident solar fluxes on the receiver. The symmetric incident 
fluxes Include the baseline flux (the smoothed Incidenf flux profile described 
in Section 3.1.2-Flnal Design), and axially shifted flux profiles with reduced 
peak flux patterns. The asymmetric flux patterns. In one case, offset the 
receiver 1-Inch, and In another case reduced the Input (10$ less total power) 
from one-half of the concentrator. 

A heat flux sensitivity analysis based on three assumed symmetrical inci- 
dent heat flux profiles was performed on the receiver. For the analysis, the 
receiver cavity was longitudinally divided into seven nodes. It includes the 
cylindrical section only, as no ends are involved. The three cases considered 
were the baseline heat illux distribution, and a 3-in. and a 6-|n. axially 
shifted fluxes. Figure 3-9 shows the corresponding flux patterns. The total 
power input in each case is the same (G5 kwth). The heat peak values for the 
axially shifted cases are equal to the peak value of the baseline case. 

The behavior of the heat flux distribution for the three cases is very 
similar. The discrepancy Is due to the fact that each node in the receiver 
cavity receives different solar Input in each case. It is also due to the fact 
that the system optics would have to be different In order to allow a shift of 
the heat patterns. 

A node by node summary of the changes of the povjer input in the cavity 
of the ABSR Is presented in Table 3-1. The table shows a comparison of the 
integrated nodal power inputs for each case. For the baseline case, the peak 
flux lies on node No. 3 at an approximate distance of 9-in. from the opened 
end of the cavity. For the 3-In. shifted solar influx, the peak occurrence 
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Figure 3-9. ABSR Symmetrical Incident Heat Fluxes 
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TABLE 3-1 

INTEGRATED POWER INPUTS-SYMMETRICAL CASES 




Node 

No. 

Basel Ine 
(btu/hr) 

X 103 

3- Inch 
Sh 1 f ted 
(btu/hr) 

X 102 

6- Inch 
Shifted 
(btu/hr) 
X 103 

1 

21,5 

5.3 

0.0 

2 

57.0 

30.5 

10.8 

3 

64.0 

58.5 

39.4 

4 

44.5 

59.2 

60.6 

5 

26.8 

40.3 

54.2 

6 

16.8 

24.3 

35.7 

7 

12.2 

15.7 

21.8 


is between nodes No. 3 and No. 4, at 12-In. from the opened end of the cavity. 
The 6-ln. shifted distribution shows that the peak takes place on node No. 4, 
15-in. from the same reference point. 

The temperature distributions of the cavity wall and fluid for the three 
related cases are given in Figure 3-10. The cavity wall temperature profiles 
have a steep region, followed by a moderate or less steep region. The transi- 
tion of regions occurs near the location of maximum temperature difference 
( Tmax^ between the wall and the fluid temperatures. This Is true for all 
three cases presented. The T^^gx falls in a range of 230“F to 280®F for each 
case. This temperature difference is found to be located at a distance of 
8-in. from the opened end of the cavity. It is at a distance of approximately 
12-in. and 14-in. for the 3-in. and 6-in. shifted flux cases, respectively. 

There is a close correspondence between the locations of the heat flux peak and 
T^ax Ifi every case. 

It is also noted that while the wall temperature profiles intersect each 
other, this is not the case for the fluid temperatures. This is related to the 
difference in temperature response that these two system elements have. The 
cavity wall responds faster than the fluid to changes In the heat input. As a 
result of the flux shifts, the peak metal temperature increases by approx 1. ?^te I y 
20®F to 40®F at the rear end of the receiver. These temperature increases are 
significant due to the normally high operating temperatures. 

Asymmetric heat flux inputs analyzed consisted of offsetting the receiver 
1-Inch, and secondly, reducing the input from one-half of the concentrator. 
Figure 3-11 shows the offset cavity geometry. The cavity wall was divided into 
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Figure 3-10. Temperature Distribution for the Symmetrical Heat Fluxes 
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Figure 3-11. Offset Cavity Geometry 
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12 longitudinal nodes of equal length and Into 12 equal circumferential nodes. 
The first circumferential node is the closest to the focal point. Offsetting 
the receiver resulted In a metal wall temperature Increase of approximately 
20*F. This occurs at the rear end of the cavity on the side closest to the 
focal point. The maximum flux Increases by lljf In this configuration with 
respect to the corresponding baseline value. The flux changes are Illustrated 
in Figures 3-12 and 3-13. 

Figure 3-12 shows the Incident power along the cavity wall of the receiver. 
It presents the Integrated longitudinal heat distribution for two circumferential 
nodes only I.e., the closest and the farthest nodes with respect to the focal 
point. The near side shows more drastic changes In the heat flux distribution 
than the far side. At the rear end of the cavity, the changes In Incident power 
with resepct to the baseline are minor in both cases. However, at the front 
half of the receiver (Including longitudinal nodes 1 to 6), these changes are 
substantial. 

Figure 3-13 presents the power absorbed by the cavity as a function of the 
circumferential nodes. For each node, the heat Input over the total length of 
the cavity is considered. It shows a circumferential power fluctuation of 
about +2.6J5 with respect to the baseline heat Input (no-offset condition). The 
peak power correpsonds to the circumferential node closest to the focal point 
(node No. 1). The minimum absorbed power corresponds to the node diametrically 
opposed to node No. 1. This flux pattern has less adverse effect than the 
second asynwnetrlc flux pattern analyzed. The second pattern had a reduction In 
flux from one half the concentrator resulting In a lOJt reduction In the total 
power Input. See Figure 3-14. This reduction In power input causes the air 
flow rate to decrease accordingly In order that the average fluid outlet tem- 
perature remains constant. Therefore, the half of the receiver where the maxi- 
mum flux remains, functions with the reduced flowrate. An approximate 58*F 
Increase occurs on this side of the receiver at the closed end. Table 3-2 
summarizes the flux sensitivity study performed on the ABSR. These flux varia- 
tions result In various reductions In receiver life. 

3.1.4 Process Heat Investigation 

Operation of the ABSR for process heat applications was Investigated. It 
appears that the receiver can be used for the cases analyzed without adversely 
affecting receiver life. The acceptable conditions investigated had air Inlet 
conditions of 100"F, 36.75 psla, and a flowrate varying from 0.4 to 1.0 Ibm/sec. 
Flowrates below 0.4 Ibm/sec begin to impose significant thermal gradients on 
the core that would affect receiver life. Full power was Input with the base- 
line flux prof I le. 

3.1.5 Pressure Drop 

The predicted pressure drop for the ABSR at the design point was 0.92 psi 
or 2.5$ of the Inlet pressure 36.75 psla. After the unit was fabricated and 
tested, the actual pressure drop of the unit at the design point was determined 
to be 3.5 psI or 10.3$ of the Inlet pressure. The reason for the discrepancy 
was determined to be primarily due to restrictions In the Inlet duct. The 
Inlet duct was downsized from a 3 to 2-ln. diameter tube to meet Interface 
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Figure 3-12. Incident Flux vs. Longitudinal Nodes, 
for the ABSR 1-Inch Cavity Offset 
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FLUX POLAR PLOT 


Figure 3-14 • Reduced Input from One-Half of Concentrator 
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TABLE 3-2 

ABSR FLUX DISTRIBUTION VARIATION SENSITIVITY STUDY 


TYPE OF 
FLUX 

VARIATION 

CHANGE IN 

MAX. T wall 

POSITION OF 
MAX. T wall 

POSITION OF 
MAX. FLUX 
£N. UP CYL) _ 

% INCREASE 
OF MAX. FLUX 

BASELINE 

0 

TOP 

9 

0 

AXIAL 

3" 

20 

TOP 

12 

0 

SHIFT 

6" 

47 


IS 


1 INCH 

RADIAL 

OFFSET 


20 

TOP, 

SIDE CLOSEST 
TO FOCAL PT. 

8 

SIDE CLOSEST 
TO FOCAL PT. 

11 

DISTORTED FLUX 
10% POWER LOSS 

88 

-J 

TOP, 

mOE WITH NO 
l>«.UX DECREASE 

9 

SIDE WITH NO 
FLUX DECREASE 

0 


MIM 
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requirements for the outer diameter of the receiver housing. However, It has 
boon determined that the Inlet duct can be redesigned to substantially reduce 
the pressure loss, and still meet the Interface requirements. 

3.2 STRUCTURAL ANALYSIS 

The structural analysis of the ADSR during Phase II studied pressure, 
thermal, and Inertial loads on the receiver and predicted the life of the unit. 
The solar receiver unit was designed to withstand normal operational tost 
pressures, temperatures, and environmental conditions. The specifications 
In design requirements are outlined In Exhibit It of the Phase tl contract. 
Normal operational conditions Include wind conditions of 30^mph steady-state, 
with 20-percent gust factor; temperature and humidity extremes (O* to 125*F 
and 0 to 100 percent, respectively); blowing dust; and altitude conditions of 
0 to 6000 ft. In addition, survival environmental conditions such as 100-mph 
winds, seismic lateral loads, and snow and Ice loads were considered. Codes 
and standards such as the ASME Boiler and Pressure Vessel Code as well as the 
Safety Regulations of the California Occupational Safety and Health Administra- 
tion are also recognized. Positive margins of saf^/ty were calulcated for 
short-term Internal pressure stress only. The primary loads >3nalyzed were the 
Internal pressure load of 23 psig, the thermal load associated with the 85 kwth 
Input, and the non-operating Inertial load of 3 g’s. Realistic combinations 
of the first two load conditions were made to determine the stresses that would 
cause cumulative fatigue and creep damage to the unit In operation. In actual 
service, the unit must withstand both steady-state and transient thermal- 
pressure loadings, combined with the environmental loads under normal and 
surviving conditions, the predicted prototype life of the ABSR under those 
conditions was predicted to be 10,000 hours of operation, approximately 2 years, 
and 1500 cycles. Table 3-3 summarizes the structural analysis performed by 
A 1 Research on the ABSR. Cycle fatigue was determined to be more restrictive to 
the ABSR life than creep strength limitations. 

3.2.1 Internal Pressure end Thermal Load Analysis 

Several cofnputer models were used throughout the structural analysis of 
the ABSR. A small computer model was set up to determine pressure stresses in 
the components of the heat exchanger part of the unit, the outer skin, the 
intermittent Inner skin, the *lns and the longitudinal closing channels. The 
model Included a 10® arc of the unit, 1-In. long In the axial direction. The 
finite element, structural computer program STRUDL was used In the analysis. 
Further, a detailed hand analysis was performed on the manifold and the pres- 
sure bearing structure around It. Margins of safety for all pressure stresses 
were calculated and found positive both for operating and proof conditions. 
Figure 3-15 shows the model of the cross section analyzed, and the correspond- 
ing local stresses due to internal pressure. This model Is a beam construction 
simulating the fin and shell configuration of the receiver core. The stresses 
correspond to direct, bending and maximum stresses. In order to determine the 
effects of the thermal Input, a large computer model was set up. The model 
Included a 10® arc of the unit, and the entire length from manifold to manifold. 
The three dimensional, finite element, structural computer program ANSYS was 
used In the analysis. Steady state temperatures as shown on Figure 3-16 were 
Input as thermal loads. Transient temperatures, expected to be less severe on 
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TABLE 3-3 


ABSR FINAL STRUCTURAL EVALUATION AND ANALYSIS 


• INTERNAL PRESSURE 
LOAD ANALYSIS: 


FIN AND SHELL (STRUDL) 
MANIFOLD (OUTLET) 

MANIFOLD SHELL INTERFACE 
STRUCTURE UNDER MANIFOLD 


• THERMAL LOAD 

ANALYSIS: LARGE COMPUTER MODEL 

lO** ARC OF CORE (ANSYS) 
LCF (AIRESEARCH x0875) 


• INERTIA LOAD 
ANALYSIS: 


CORE AND SUPPORT TUBE 
INTERFACE 

CASING 

I 


• Ml«cb 
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INTERNAL PRESSURE ANALYSIS (23 PSIG) 



OimCT STRESS BENDING STRESS MAX. STRESS 


ELEMENT 

(KSI» 

(KSI) 

(KSI) 

S7 

0.72 

11.62 

12.33 

94 

- - 0.20 

3,20.... 

3.40 

93 

_ . 0.48 

4.87 

_8.32 

96 

..0.20 

3.17 

3.37 

21 

..0.28 

^.9.43 

9.72 

58 

0 

0.62 

0.62 


’ IAtSl4 


Figure 3-15. Computer Model of Solar Receiver Core Section 
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Figure 3-16. Baseline Temperature Distribution 
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the unit, were therefore not examined any further. Cotnputer output shows the 
highest stresses at the location where the largest AT occurs between the Inner 
and outer skin. 

Figure 3-17 represents the finite element computer model of the solar 
receiver core, and Figure 3-18 shows a closeup of a core detail. 

The thermal stresses wore combined with the pressure stresses In order to 
determine the overall stress levels In the receiver due to thermal and pressure 
loads. The resultant Von MIses stresses wore found to be 27.12 ks! at 1460*F 
on the Inner skin, near the longitudinal segment enclosure channel. The major 
component of this stress Is compression In the axial direction, 20.73 ksl. 
Although the resultant stress Is lower than the elastic limit of the material, 
a low cycle fatigue analysis was performed because of potential creep due to 
the high temperatures. Results show that the major damage (life consumption) 
occurs during the Initial creep relaxation In the first few cycles. The 
expected life of the unit Is In excess of 6000 cycles, which Is much higher 
than the requirement of 1500 cycles. Thermal stresses are much lower toward 
both ends of the heat exchanger, anti temperatures rise to approximately 1500*F 
toward the exit manifold. Pressure Induced stresses at this location are 
12.33 ksl In the outer skin. If the shape of the outer skin remains circular, 
creep damage may cause the unit to fall short of Its life requirement. How- 
ever a slight bulging will relieve the 12.33 ksl stress to a much lower stress 
level and thus the life Is expected to meet the requirement. 

3.2.2 Life Prediction 


In the areas where the calculated transient stresses obtained with an 
elastic stress analysis exceed the yield strength of the material, fatigue life 
must be predicted. A I Research uses the latest, state-of-the-art, elastic- 
plastic analysis to make these calculations. The Wetzel -Morrow method, employ- 
ing Neuber hyperbolas, is used to establish the stabilized total cyclic strain 
range; this strain range Is input to the Manson-Coff In equation to predict the 
cyclic life. Some of the details Involved In this method, computerized and 
thoroughly checked out by A I Research (digital program X0870), are shown In 
Figure 3-19. 

To ascertain the effects of cumulative fatigue and creep damage, the Inten- 
sity, duration, and frequency of the various Imposed loadings are established. 
The number of cycles to failure and the time to failure at a given stress con- 
dition are calculated; the two effects are then combined for any number of toad 
conditions by using a linear damage function law (such as the Mlner-Palmgren 
rule) where 


I - ^1 actual + ^1 actual < ] ,0 

j=| N] predicted T| predicted, creep ” 

Initiation of a crack Is Imminent when this sum approaches unity. It should 
be noted that Initiation of a crack does not necessarily mean failure, but It 
could cause some leakage. This would most probably be a small percentage of 
the to+al mass flow. 
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Figure 3-17. Finite Element Computer Model of Solar Receiver Core 
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Figure 3-18. Conputer Model Detail 
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PREDICTION OF UNIT LIFE FROH LEVELS OF APPARENT ELASTIC 
STRESS REACHED DURING TRANSIENT LOADINGS (AIRESEARCH 
COMPUTER PROGRAM XO87O) 

• MCHEL-MORROW ELASTIC- RUSTIC ANALYSIS USING NCUKR 
HVPERROUS TO OBTAIN STABILIZED CYCLIC STRAIN RANGE. 

• NUMBER OF CYCLES TO CRACK INITIATION OBTAINED USING 
IVLNSON-HIRSCHBERG EQUATION OR MODIFIED IMNSON-COFFIN 
EQUATION. 


•tot ■ ^‘5 51,0.12 

tNf 
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Figure 3-19. Low-Cycle Fatigue Analysis 
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Figure 3-20# Life Cycle Fatigue Analysis Plot for the ABSR 
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The Ilf© cycle fatigue plot for the ABSR Is shown In Figure 3-20. The 
expected life of the receiver Is approximately 2 years, 10,000 hours and 1500 
cycles. 


3.2.3 Inertial Load Analysis 


Analysis of the solar receiver housing assembly. Including the core mounting 
structure, consisted of studying a 3 g shock load condition. Hot section rings 
and longitudinal stiffeners wore added to the outer cylindrical shell to resist 
potential buckling at areas of concentrated loads. The Interface between the 
support tubes and the heat exchanger (core support cross key) was analyzed In 
detail. A 5 g static loading was applied to account for the response In the 
3 g Input shock testing. Positive margins of safety were calculated for all 
components at this Interface. Figure 2-21 shows the margins of safety for the 
major load points of the assembly. The margins of safety are good and Indicate 
that the ABSR will have an acceptable tolerance for mechanical loads. 
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Figure 3-21. ABSR Inertia Load Analysis 
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4. ABSR FABRICATION 


Fabrication efforts on the Air Brayton Solar Receiver coomenced once the 
final design was completed. Two complete unlt«v were fabricated. The three 
sub-assemblies of the receiver (the brazed core, the aperture assembly, and 
the reflector plate assembly) bo 11 Individually onto the outer housing. Since 
these sub-assemblies are not connected to each other, the Individual assemblies 
can grow at different rates without Interference. This also allows greater 
accessibility to the aperture and reflector plate components. 

In order to form the heat exchanger, toroidal Inlet and outlet manifolds 
and ducts had to bo welded to the cylindrical core assembly. 

Final assembly of the ABSR occurs In three stages. 

(a) The complete heat exchanger assembly Is wrapped In Insulation, slipped 
Inside of, and attached to, the outer housing. This Is done via 
eight radial tubular supports. The tubes are fixed to the receiver 
enclosure, extend radially Inwards toward the receiver core, and are 
slotted at the other end. Longitudinal and Intersecting (In the form 
of cross) keys are located '»)n the receiver core and note the slot at 
the support tube end. The longitudinal keys allow for radial and 
longitudinal growth of the receiver. The Intersecting keys restrain 
the core from longitudinal and lateral motion while allowing radial 
growth. 

(b) The aperture plate assembly Is bohed to the aperture end of the outer 
she 1 1 . 

(c) The reflector plate assembly Is bolted to the other end of the outer 
shell. The Inlet and outlet ducts are guided through holes In the 
rear outer shell of the reflector plate assembly. 

Insulation was filled In all gaps In the receiver as the final assembly 
progressed. 

Connection to the solar concentrator Is made by means of a mounting ring 
with six mount points. 

Figure 4-1 through 4-4 show the various stages of fabrication, and Figure 
4-5 represents the ABSR final assembly. 

The materials used In the fabrication of the ABSR, as well as the general 
dimensions and parts that constitute the unit, are referred to In Section 2 of 
this report (ABSR description) and In the detailed drawings of Appendix A. 
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Figure 4-1. Brazeo Cylindrical Core 
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Figure 4-3. Aperture Assenbly 
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Figure 4-5. ABSR Final fssenbly 
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ABSR TESTING PROCEDURES AND RESULTS 


Acceptance tests were performed on the heat exchangers of the two Air 
Brayton Solar Receiver units. Tests were Included for proof pressure, leakage, 
and pressure drop. 

5.1 PROOF PRESSURE TEST 

The proof pressure test consisted of applying a pneumatic pressure of 50 
psig to the heat exchanger. To compensate for testing at room temperature, the 
pressure is higher than the design point pressure of 22 psIg. The pressure In 
the system was held for 5 minutes. The units were observed at pressure for 
deformation. No permanent deformation was observed in either of the tested 
units. 


5.2 LEAKAGE TEST 

The leakage test measured the air mass flow rate leaking through the heat 
exchanger at various pressures. The first unit tested had a leakage rate of 5.73 
Ibm/mln at 50 psig, whereas the second unit had a leakage rate of 0.25 Ibm/mln 
at the same pressure. The pressure decay test was also a measure of the leakage 
rate. The unit was pressurized to 50 psig, the air supply cut off, and the times 
to decay to various pressures were measured. This data was reduced to give a 
design point leakage rate of 3.5/f for the first unit, and 0.2$ for the second 
unit. Figure 5-1 shows the test set-up. 

5.3 PRESSURE DROP TEST 

This consisted of an Isothermal (room temperature) pressure drop test that 
was performed by passing air through the heat exchangers at various flow rates, 
while measuring the Inlet pressure and pressure difference across the units. 

See Figure 5-2. 

The test results for the two heat exchangers are described In Tables 5-1 
and 5-2. The first unit (S/N 1) had a measured pressure drop of 2.9 psi at the 
design flow rate of 0.57 Ibm/sec. The second unit (S/N 2) showed a pressure 
drop of 3.5 psI at the same conditions. These values were significantly larger 
than the anticipated value of 0.92 psi for the design point. See Figure 5-3 
for pressure distribution. The reason for the discrepancy was determined to 
be due to restrictions In the Inlet duct. Section 3.1.5 of the ABSR thermal 
analysis discusses this finding. 
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Figure 5-1. ABSR Leakage Test Setup 
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TEST SPECIMEN: INLET DUCT 
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Figure 5-2. ABSR Pressure Drop Test Setup 
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TEST RESULTS HEAT EXCHANGER S/N 2 




AIRESeARCH MANUFACTURING COMPANY 


ORIGINAL PAGE IS 

OF, POOR QUALITY 


80-17528 
Page ’ 5-5 









































Figure 5-3. Isothermal Pressure Drop, Heat 
Exchangers S/N 1 and S/N 2. 
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APPENDIX A 


AIR BRAYTON SOLAR RECEIVER 
DETAIL DESIGN DRAWINGS 


DETAIL DRAWINGS 


DrawIna No. 

Name 

193090 

Cor© Assy 

193091 

Outer She 1 1 

193105 

Outer Case Assy 

193117 

Heat Exchanger 

194316 

Receiver Outline 

194317 

Receiver Assy 
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